Introduction
Lipolytic enzymes are classified into two major families, lipases (EC 3.1.1.3) and carboxylesterases (EC 3.1.1.1). The lipolytic enzymes have a highly conserved catalytic triad, which is mostly composed of Ser, Asp, and His residues. The enzymes display the common a/b hydrolase fold (Ollis et al., 1992) . While lipolytic enzymes share similar molecular structures and catalytic mechanisms, lipases show a preferential activity toward acylglycerols with long chains (>8 carbon atoms) as substrates (Arpigny and Jaeger, 1999) . In contrast, carboxyesterases prefer short-chain substrates. Lipases, especially those of a microbial origin, are widely utilized for industrial biocatalysts, such as functional lipid production, lipid degradation, and biodiesel production. Industrial applications for lipases from thermophilic microorganisms are gaining in popularity because of their functional and structural stabilities. Bacterial lipolytic enzymes were recently classified into eight different families according to their amino acid sequence (Arpigny and Jaeger, 1999) . Recently, novel lipases were discovered using a metagenomics approach (Chow et al., 2012; Narihiro et al., 2014) . In this study, we isolated a lipid-degrading thermophilic bacterium, Bacillus thermoamylovorans strain NB501. Furthermore, we cloned a lipase gene from the strain and elucidated the biochemical characteristics of the recombinant enzyme. Possible sites responsible for the characteristics of the enzyme were proposed based on a homology-modeled three-dimensional structure.
Two thermophilic bacterial strains, Bacillus thermoamylovorans NB501 and NB502, were isolated from a high-temperature aerobic fermentation reactor system that processes tofu refuse (okara) in the presence of used soybean oil. We cloned a lipase gene from strain NB501, which secretes a thermophilic lipase. The biochemical characteristics of the recombinant enzyme (Lip501r) were elucidated. Lip501r is monomeric in solution with an apparent molecular mass of 38 kDa on SDS-PAGE. The optimal pH and apparent optimal temperature of Lip501r were 8 and 60∞C, respectively. Supplementation of 5 mM Ca 2+ enhanced the thermostability, and the enzyme retained 56% of its activity for 30 min at 50∞C. Lip501r was active on a wide range of substrates with different lengths of p-nitrophenyl (pNP) esters, and showed a remarkably higher activity with pNP-myristate. The K m and V max values for pNP-butyrate in the presence of 5 mM CaCl 2 were 1.8 mM and 220 units/ mg, respectively. The possible industrial use of the thermophilic lipase in modifying edible oil was explored by examining the degradation of soybean oil. A TLC analysis of the degraded products indicated that Lip501r is an 1,3-position specific lipase. A homology modeling study revealed that helix a a a a a6 in the lid domain of NB501 lipase was shorter than that of lipases from the Geobacillus group.
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Materials and Methods
Isolation and characterization of thermophilic lipaseproducing bacteria. Samples were collected from a hightemperature aerobic fermentation reactor system. After enriching five times in 1¥nutrient broth medium (0.5% peptone and 0.3% yeast extract, Difco/BD Diagnostics, Sparks, MD, USA) at 50∞C with shaking at 200 r.p.m., clear halo-forming colonies were isolated by repeatedly streaking on 1.5% (w/v) agar plates containing 0.5% (v/ v) tributyrin at 50∞C. Genomic DNA was extracted using a DNA purification kit (Promega, Madison, WI, USA). 16S rRNA gene sequences were amplified and determined using universal primers for bacteria (27F, 515R, and 1562R) (Weisburg et al., 1991) . The 16S rRNA sequences of NB501 and NB502 were submitted to DDBJ with accession numbers LC144539 and LC144540, respectively.
Preparation of native extracellular lipase. NB501 was cultivated in 200 mL of 1¥nutrient broth medium (0.5% peptone and 0.3% yeast extract, Difco) supplemented with 2% (v/v) used cooking soybean oil at 50∞C with shaking at 200 r.p.m., The culture broth was collected and concentrated using an ultrafiltration membrane (Amicon Ultra 10,000 NMWL, Merck Millipore, Darmstadt, Germany).
Cloning of a lipase gene and preparation of recombinant enzyme.
Genomic DNA was obtained from NB501 using a DNA purification kit (Promega), and a lipase gene was PCR-amplified from the genome using Easy-A Taq polymerase (Agilent Technologies, Santa Clara, CA, USA). The oligonucleotide primers 5¢-CCATGGAAA-CGAGTGGAAATGATTATC-3¢ and 5¢-CTCGAGTTTA-GAYAACGAATGTACTCG-3¢ were used (NcoI and XhoI restriction sites are underlined). The primer set was designed based on a gene for an uncharacterized thermophilic lipase from B. thermoamylovorans BHK 52 in GenBank (Sequence ID AB381879). The SignalP 4.1 server predicted that a signal peptide (1-21 aa) was present. The forward primer was designed to remove the signal peptide. PCR was performed under the following conditions: 94∞C for 4 min; 30 cycles of 94∞C for 30 s, 50∞C for 30 s, and 72∞C for 90 s; 72∞C for 7 min. The amplified product was ligated into the pGEM easy vector (Promega), transformed into Escherichia coli JM109, and detected using blue/white screening. The plasmid was extracted and then digested with NcoI and XhoI, purified using a QIAquick PCR Purification Kit (Qiagen), ligated into the expression vector pET28a (Novagen/Merck Millipore), and introduced into E. coli JM109. The nucleotide sequence was determined and submitted to DDBJ with the accession number LC144541. E. coli C43 (DE3) harboring the expression plasmid was used to produce recombinant lipase protein with a C-terminal His 6 -tag. The cells were harvested and sonicated, and the protein was purified to homogeneity using Ni affinity and gel filtration chromatography (Ni-Sepharose and HiLoad 16/60 Superdex 200 pg columns, GE Healthcare, Buckinghamshire, UK). pH-adjusted solutions of 30 mM and 500 mM imidazole in 50 Biochemical analysis. The standard assay solution (0.5 ml) contained 2 mM (for temperature and pH dependence) or 0.4 mM (for thermostability and substrate specificity) p-nitrophenyl (pNP) palmitate (C16), 50 mM Tris-HCl (pH 8.0), 0.4% Triton X-100, 0.1% gum arabic, and purified enzyme solution. Hydrolysis was monitored at 410 nm by measuring the initial velocities. One unit of activity was defined as the amount of enzyme releasing 1 mmol of pNP per min under the assay conditions. Kinetic analysis was performed by measuring the activity under standard conditions with 0.2-10 mM pNP-butyrate (6 data points) in the presence of 5 mM CaCl 2 . The kinetic parameters were calculated by curve fitting the experimental data to the Michaelis-Menten equation {v = V max [S]/(K m + [S])} using the program Kaleidagraph (Synergy Software, Reading, PA, USA). 
Degradation of soybean oil and TLC analysis.
The reaction mixture contained 2% (v/v) soybean oil, 50 mM MOPS-NaOH (pH 8.0), and 0.2% (w/v) gum arabic. The assay mixture was homogenized and pre-incubated at 50∞C. The reaction was initiated by the addition of Lip501r. After an appropriate time interval, the oil fraction was extracted with chloroform : methanol = 2:1 (v/v). The extracted sample was spotted on a HPTLC silica gel 60 TLC plate (Merck Millipore). The plate was developed twice by hexane : diisopropyl ether : acetic acid = 50:50:1 (v/v/ v) and colored by the phosphomolybdic acid method (Sherman and Fried, 2003) .
Results and Discussion
Isolation of bacteria and molecular cloning of a lipase gene
We developed a high-temperature aerobic solid-state fermentation reactor system that converts high moisturecontaining food waste into feeding stuffs in the presence of used cooking oil. A pilot-scale system that could process 100 kg/day of tofu refuse (okara) was constructed insite at a tofu factory. Used cooking oil was obtained from soybean oil that was used for fried tofu production. The system was continuously operated for at least six months at high temperatures (approximately 60∞C). The feeding of used cooking oil into the system had the advantage of improving organic compound degradation by increasing the activity of thermophilic lipase-producing aerobic microbes. The activation of aerobic high-temperature fermentation by lipolytic microbes resulted in a significant decrease in heat energy input. Thermophilic lipase-producing microbes were screened from this system. Clear haloforming colonies were isolated on agar plates, and the strains NB501 and NB502 were obtained (Fig. 1a ). Both the strains NB501 and NB502 exhibited 99% 16S rRNA gene sequence similarity with B. thermoamylovorans LMG 18084 T , indicating that they are affiliated with this spe-cies ( Fig. 1b) .
Extracellular lipase secreted by NB501 was collected and concentrated from culture broth. The concentrated sample exhibited a single band on SDS-PAGE with an estimated molecular mass of 38 kDa without prior column chromatography purification (Fig. 2f ). This sample served as native lipase (Lip501) for biochemical characterization.
A lipase gene was cloned from the genomic DNA of NB501. The nucleotide and amino acid sequences of the lipase gene from B. thermoamylovorans NB501 exhibited a 99.1% and 98.4% identity, respectively, to those of the uncharacterized lipase gene (without the signal sequence) from the B. thermoamylovorans strain BHK 52. Thermophilic proteins generally have more Arg and Tyr residues compared with mesophilic proteins, while they have less Cys and Ser (Kumar et al., 2000) . The Arg, Tyr, Cys, and Ser compositions of the mature Lip501r protein are 3.3%, 7.9%, 0.0, and 8.5%, respectively, while those of a lipase from the moderately thermophilic fungus Rhizomucor miehei are 3.8%, 5.0%, 2.1%, and 11.2% (Brzozowski et al., 1991) . Therefore, the increase of Tyr and the decrease of Cys and Ser in the amino acid composition of Lip501r comply with the characteristics of thermophilic proteins. A recombinant lipase protein with a C- The assay was performed using 0.4 mM pNP-substrates under the standard assay condition described in the main text. *The specific activity for this compound was 23 units/mg.
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Acetate ( terminal His 6 -tag (Lip501r) was produced using E. coli and purified to homogeneity using Ni affinity and gel filtration chromatography columns.
Characterization of the recombinant enzyme
The properties of the native and recombinant lipases (Lip501 and Lip501r) were then characterized (Fig. 2) . The molecular masses of Lip501r (residues 22-406, which lacked the signal peptide), as deduced from the amino acid sequence and estimated using SDS-PAGE or calibrated gel filtration chromatography, were 43.4, 38, and 27 kDa, respectively, suggesting that Lip501r is monomeric in solution. Lipase activity was spectrophotometrically determined by the hydrolysis of synthetic pNP ester substrates. Figures 2a-d compares the temperature and pH profiles of Lip501 and Lip501r, indicating that they share similar characteristics. The optimal pH and apparent optimal temperature of the enzymes were 8 and 60∞C, respectively. In a previous report of an extracellular lipase from B. thermoamylovorans CH6B, the optimal pH and temperature were 7 and 50-55∞C, respectively (Deive et al., 2012) . However, cloning of this lipase gene has not been reported until now. In the absence of a metal ion, Lip501r retained 78% of the activity after 30 min incubation at 40∞C (data not shown), although it was unstable at 50∞C (Fig. 2e) . The specific activities of Lip501 and Lip501r under the standard conditions of 50∞C in the absence of a metal ion were 0.4 and 23 units/mg, respectively. Supplementation of 5 mM Ca 2+ greatly enhanced the thermostability, and the enzyme retained 56% of its activity for 30 min at 50∞C. The specific activity of Lip501r, under the standard condition of 50∞C in the presence of 5 mM CaCl 2 , was 414 units/mg. Similar calcium-dependent stabilization has been reported for a lipase from Bacillus circulans IIIB153 (Johri et al., 2012) . A thermophilic lipase from Geobacillus stearothermophilus L1 has been reported to be bound to Zn 2+ (Kim et al., 1998) . Therefore, we examined the effect of Zn 2+ on the activity of Lip501r. The specific activity in the presence of 5 mM ZnCl 2 was 3.1 units/mg, indicating that Zn 2+ has an inhibitory effect. This result is similar to those of lipases from G. stearothermophilus strains L1 (Kim et al., 1998) and P1 (Sinchaikul et al., 2001) . Substrate specificity of the recombinant lipase was determined using pNP esters of different lengths (C2-C18). As shown in Table 1 , the enzyme was active with a wide range of substrates and showed a remarkably higher activity with pNP-myristate (C14), followed by pNP-palmitate (C16), which constitutes approximately 11% of soybean oil (Hammond et al., 2005) . The activity profile was similar to that of a thermophilic lipase from B. thermoamylovorans CH6B (Deive et al., 2012) . However, Lip501r showed a higher relative activity for pNP-butyrate (75% to pNPmyristate, Table 1 ) compared to CH6B lipase (less than 10%). The apparent K m and V max values of Lip501r for pNP-butyrate in the presence of 5 mM CaCl 2 were 1.8 ± 0.4 mM and 220 ± 20 units/mg (k cat = 160 s -1 as calculated from the theoretical molecular mass), respectively. The kinetic parameters of Lip501r were comparable with those of other bacterial lipases for pNP-butyrate (Chahinian et al., 2005) .
To explore a possible industrial use for the thermophilic lipase in modifying edible oil, the degradation of soybean oil by Lip501r was examined. The soybean oil mainly consisted of triglycerides (TG) and small amounts of 1,3diglyceride (1,3-DG) and 1,2-diglyceride (1,2-DG) (Fig.  3) . Reactions with different concentrations of Lip501r indicated that monoglyceride (MG) was initially produced (Fig. 3a) . This was likely due to the hydrolysis of TG and 1,3-DG because spots of 1,2-DG and 1,3-DG increased and decreased, respectively, after incubation with >0.3 mg/ ml Lip501r for 1 min. In the presence of 0.3 mg/ml Lip501r, the reaction products were analyzed over time (Fig. 3b) . The spots of fatty acid (FA) and 1,2-DG increased during the reaction. These results indicate that Lip501r is a common 1,3-specific lipase (Zhang et al., 2015) .
Lip501 has a conserved sequence motif, Gly-X 1 -Ser-X 2 -Gly (Arpigny and Jaeger, 1999) , and belongs to Subfamily I.5 because X 1 and X 2 of the pentapeptide motif are His and Met, respectively. Phylogenetic analysis of the Subfamily I.5 enzymes indicated that Lip501 is aligned along with four other thermostable lipases from the Geobacillus group, whose crystal structures have been determined ( Fig.  4a) (Matsumura et al., 2008) . Amino acid sequence alignment showed that Lip501 has a 45% identity to G. stearothermophilus L1 lipase. The optimum temperature of the Geobacillus group cluster was 60-75∞C, which is higher than those of the Bacillus group cluster (50-60∞C) (Kim et al., 1998) . Because no crystal structure of the Bacillus group has been determined, homology modeling of Lip501 was performed using the SWISS-MODEL server and compared with the structure of the L1 lipase ( Fig. 4b ) (Jeong et al., 2002) . The modeled structure of Lip501 displayed the common a/b hydrolase fold of lipases and carboxyesterases. The Ca 2+ binding residues in L1 lipase (two Asp and two His) are all conserved in Lip501. Due to low sequence homology in a local region, one of the catalytic triad (His352) could not be placed in a correct position by the simple modeling method. In lipases, a prominent lid domain covers and protects the active site in a closed conformation, and opening the lid presumably exposes the active site at the lipid-water interface (Abdul Rahman et al., 2012) . Helix a6 in the lid domain of NB501 lipase was shorter than that of L1 lipase by four amino acids (Fig. 4c) . Comparison of the structures suggested that the length of the helix a6 may play a role in the characteristics of lipases.
